The role of bovine mammary macrophages and peripheral blood monocyte-derived macrophages in natural resistance to bovine brucellosis was evaluated. A group of 11 naturally resistant and 10 chronically infected susceptible cows was studied following challenge with Brucella abortus. Macrophages from a greater proportion (P < 0.026) of naturally resistant cows were significantly superior to macrophages from susceptible cows in their ability to inhibit the in vitro intracellular replication of B. abortus after challenge exposure. Studies of a second group of cows used mammary macrophages from 12 heifers and blood monocyte-derived macrophages from 22 bulls and heifers. These tests were completed before exposure to B. abortus, using mammary macrophages (P < 0.039) and blood monocyte-derived macrophages (P < 0.045), and also showed that macrophages from naturally resistant cattle were significantly superior in their ability to control the in vitro intracellular replication ofB. abortus. Our data indicate that the mononuclear phagocytes from more than 80% of the resistant cattle controlled intracellular replication of B. abortus significantly better than did mononuclear phagocytes from susceptible cattle. Mononuclear phagocyte function appears to be an important factor in determining natural resistance to bovine brucellosis.
Brucella abortus, the causative agent of bovine brucellosis, is a gram-negative facultative intracellular bacterium that is strictly parasitic and produces chronic infections in cattle consisting of persistent or recurrent bacteremias manifested typically by abortion (36) . Persistent infections of the mammary gland and supramammary lymph nodes occur in 80% of infected cows (14, 45) . Many of these chronically infected cows continue to shed B. abortius in milk (41, 43, 45) .
Control programs that include B. abortus 19 vaccination, isolation, testing, and slaughtering of infected cattle have been costly and relatively ineffective in eradicating brucellosis (3, 5, 13, 22, 27, 45, 62) . Undetected latent infections, prolonged incubation periods, varied serologic responses, persistent infections, and similar antibody responses in vaccinated and naturally infected cattle are all features of bovine brucellosis that complicate eradication by conventional procedures (13, 33, 45) . Strain 19 vaccination does not protect all cattle from subsequent challenge. As many as 30% of cows in vaccine trials were not protected by strain 19 vaccination (17, 20, 26) . Interestingly, in vaccine trials it has also been found that up to 30% of the cows that were not vaccinated with strain 19 were naturally resistant to B. abortus infection (17, 20, 26) .
In cattle, macrophages appear to be important in resolving an infection with B. abortus, although opsonification of the bacterium by Brucella-specific antibody has been shown to contribute to increased phagocytosis and an increased chemiluminescence response by mammary macrophages in vitro (30) (31) (32) (33) . Mammary macrophages from naturally resistant cattle produce significantly higher oxidative bursts and bacteriostatic activities than do macrophages from susceptible cattle (32) .
Susceptible and resistant cattle react to B. abortus by both cell-mediated and humoral immunity (4, 21, 33, 38, 58) . The blastogenic response patterns of oligoclones of B. abortusspecific bovine lymphocytes from resistant cattle to four species of Brucella differed from those of oligoclones from susceptible cattle (R. Smith III, J. C. Kapatsa (32) . Our first experiment was designed to confirm the previous findings, but was done with an assay in which there was at least 1 log unit of growth of the organism during the period of the assay. Previous studies tested mammary macrophage activity after exposure to B. abortus. The chronic presence of B. abortus in the mammary glands of most of the susceptible cows may have been responsible for the lower activity of their mammary macrophages in this assay. Our second experiment was designed to address this problem and to ask a more general question: Are the differences in the ability of mammary macrophages to inhibit the intracellular replication of B. abortus in resistant or infected cows intrinsic to the mammary macrophage of an individual cow or a result of the presence or absence of chronic infection? Finally, previous studies used mammary macrophages, thus precluding the possibility of testing bulls. In our last experiment, we extend the previous findings with mammary macrophages to peripheral blood monocyte-derived macrophages and included bulls in the analysis. In the present study, a significantly greater proportion of the macrophages from resistant cattle controlled the intracellular replication of B. abortus both pre-and postexposure than did macrophages from susceptible cattle. Our data suggest that differences in the ability of macrophages to control replication of B. abortus are determined before exposure to the organism and that macrophages may play a central role in determining the final outcome of exposure to B. abortus in cattle. MATERIALS 19) were studied. The cattle were unvaccinated and had not been exposed to B. abortus. Nonexposure to B. abortus was confirmed on at least three separate occasions in the 8-month prechallenge period by card, Rivanol agglutination, complement fixation, enzyme-linked immunosorbent assay, and hemolysis-in-gel tests (2, 11, 33) . The cattle were challenged at midgestation of their first pregnancy by conjunctival administration of 107 CFU of live B. abortus 2308. The bulls were from 12 to 16 months of age at the time of challenge. The resistant cattle developed low transient serologic titers and did not abort their fetuses, and bacteriologic cultures of material from the postpartum uterus, lacteal secretions, and calf meconium were negative for B. abortus (33) . Susceptible cows, conversely, developed high titers and aborted their fetuses, and B. abortus was isolated from their lacteal secretions, uterus, placenta, or fetuses (33) . The bulls were classified as resistant or susceptible based on whether or not B. abortus was obtained from cultures of 50 different tissues tested after the bulls were slaughtered 90 days postchallenge.
The postchallenge classification of the mammary macrophage bacteriostatic activities was done on the 21 crossbred (Bos taurus x Bos indicus) cows 3 to 5 years postchallenge. Classification of the prechallenge mammary macrophage bacteriostatic activities of 12 first-calf heifers and the prechallenge blood monocyte-derived macrophage bacteriostatic activities of 4 first-calf heifers and 18 yearling bulls were conducted during the 2 months before they were challenged.
Collection of mammary gland macrophages. Bovine mammary gland macrophages were collected by irrigating the lactiferous sinuses of the involuted mammary glands of cows with 50 ml of endotoxin-free sterile saline (18 Collection of blood monocyte-derived macrophages. Blood monocytes were collected by separation of heparinized blood in a Ficoll-metrizoate sodium density gradient (specific activity, 1.079) at 1,600 x g for 30 min. The interface cells, which contained an enriched population of monocytes and lymphocytes, were suspended in 20 ml of RPMI 1640 medium supplemented with 20% heat-inactivated fetal bovine serum, 4 mM L-glutamine, 10 p.1 of nonessential amino acid solution per ml, 1 mM sodium pyruvate, 100 p.g of streptomycin per ml, and 100 IU of penicillin per ml in 250-ml tissue culture flasks (Costar, Cambridge, Mass.). Mononuclear cells were allowed to adhere to the plastic surface for 24 h while they were incubated at 37°C in a 7.5% CO2 atmosphere. Nonadherent cells were first removed by gently rocking the tissue culture flasks and pouring the medium into a second flask. Fresh medium was added to the first flask, and both flasks were incubated for an additional 24 h. The remaining nonadherent cells then were removed from both flasks by one vigorous wash with warm (37°C) Hanks balanced salt solution. The adherent cells were incubated in 20 ml of Hanks balanced salt solution without calcium and magnesium for 12 min to detach the cells (6, 28) . The detached cells were centrifuged at 75 x g for 5 min and suspended to a concentration of 106 cells per ml in supplemented RPMI 1640 medium containing penicillin and streptomycin. One hundred microliters of the suspension was added to each of six wells of a flat-bottom, 96-well microdilution plate. The resulting monocytes were allowed to mature to macrophages in culture for an additional 5 days at 37°C in a 7.5% CO2 atmosphere (64) . During the 24 h before inoculation of the bacteria, a wash procedure similar to that described above for the mammary macrophages was used to remove (33) . The positive pooled serum yielded an optical density value of 1.345 determined by the standard Brucella enzyme-linked immunosorbent assay (11), and its background negative control optical density was 0.110. Immediately following opsonification of the bacteria by Brucella-specific antibody, the bacterial suspension was incubated for 5 min in a sublytic 1:100 dilution of normal bovine serum (to provide complement) that was negative in the standard Brucella enzyme-linked immunosorbent assay.
The sera were collected from two unvaccinated and unexposed cows (33) .
Bacteriostatic assay. In the postchallenge experiments, 24 h after the mammary macrophages were added to the wells, 1.3 x 104 opsonified bacteria (B. abortus 2308) were added to each well of a microdilution plate (including control wells without macrophages). The plates were then centrifuged at 75 x g for 10 min. The resulting initial macrophage-tobacterium ratio was approximately 0.6:1 to 2.3:1. In the prechallenge experiments, 2.8 x 103 bacterium were used in the assays conducted on the mammary macrophages of firstcalf heifers and on the blood monocyte-derived macrophages, resulting in an initial macrophage-to-bacterium ratio of 3. Macrophages that were able to effect a reduction in the intracellular survival of B. abortus to <100% were designated restrictive, and those that were unable to reduce the intracellular survival to <100% were designated permissive.
Three sets of triplicate control wells containing bacteria but not macrophages were used to monitor bacterial growth, the effectiveness of streptomycin in killing the extracellular bacteria, and the effectiveness of the wash procedure in eliminating the penicillin and streptomycin from the wells before the inoculation of bacteria. At the same time as streptomycin was added to kill the extracellular bacteria in the wells containing cells, 250 ,ul of medium containing streptomycin was added to each of three wells in the first set of control wells to a final concentration of 14.3 ,ug/ml. These control wells were used to demonstrate that the streptomycin added was adequate to kill all extracellular bacteria. For the second set of control wells, supplemented medium containing penicillin and streptomycin was added to each well, and the wells were washed by the same procedure that was used to reduce the level of penicillin and streptomycin in the wells containing macrophages. For rupture the macrophages did not cause osmotic rupture of the bacteria (data not shown).
Macrophages were collected from groups of five to seven cows for individual assays. The results from one of these assays are described in detail in Table 2 . The mean number of bacteria present in each well represented the total number of intracellular bacteria. Variations in the mean total number of bacteria harvested from each set of macrophages depended on (i) the phagocytic abilities of the macrophages in that set, (ii) the total number of adherent macrophages present in the well, and (iii) the number of bacteria added to macrophages. Occasionally, one or two of the replicates of each set of macrophages had values dissimilar to those of the remaining replicates. As a result some of the means pre- The mean and standard deviation of the total number of bacteria per well were based on six individual wells per animal.
' The number of bacteria per macrophage was calculated by dividing the mean number of total bacteria in six wells by the mean number of viable macrophages in those wells.
d The percentage of bacteria surviving at 3 days postchallenge was determined by dividing the mean number of bacteria per cell present at 3 days postchallenge by the mean number of bacteria per cell present at 2 days postchallenge and multiplying the result by 100. sented in Table 2 have relatively large standard deviations. By using the median value for the replicates, we were able to minimize the effect of extreme values.
In multiple experiments in which the same cows were tested repeatedly over a 2-year period, there was variation in the intracellular survival for each cow from experiment to experiment, but the intracellular survival was almost always in a range that would not alter the macrophage classification of the cow as restrictive or permissive ( Table 3) .
The in vitro bacteriostatic activities of mammary macrophages from resistant and susceptible cows were compared postchallenge (Fig. 1) . The median percent survival of B. abortus 2308 in 11 resistant cows was 55 (range, 14 to 216%), whereas the median percent survival of B. abortus 2308 in 10 susceptible cows was 104 (range, 32 to 329%). The abilities of the macrophages from the two groups of cows to inhibit the intracellular replication of B. abortus 2308 were significantly different (P < 0.026). Macrophages from resistant cattle were generally more capable than those from suscep- tible cattle of reducing the percent intracellular survival of the organisms. Mammary macrophages from 9 of 11 resistant cattle (82%) were able to inhibit the intracellular replication of B. abortus during the 24-h interval they were studied. Those macrophages that were able to inhibit the intracellular replication of B. abortus were considered to be restrictive. During the same time interval, the macrophages from only 5 of 10 susceptible cows (50%) were able to inhibit the intracellular replication of the bacteria. The macrophages that were unable to inhibit the intracellular replication of B. abortus were considered to be permissive. The percentages of bacteria that survived within macrophages from resistant and susceptible cows were consistent with the classification of the cattle into those two groups 67% of the time. Although we did not consider it likely, we could not rule out the possibility that the restrictive macrophages were better at internalizing the streptomycin and delivering it to the phagosome.
Experiments with mammary macrophages collected from groups of heifers before challenge were designed to determine whether the ability of the mammary macrophage to inhibit intracellular growth was intrinsic to the macrophage or was a result of the presence or absence of chronic infection (Fig. 2) . The median percent survival of B. abortus in macrophages from a group of three resistant cows was 31 (range, 3 to 61%), whereas the median percent survival of B. abortus in macrophages of nine susceptible heifers was 148 (range, 7 to 432%). The resistant and susceptible cows were significantly different (P < 0.039) in the prechallenge ability of their mammary macrophages to inhibit the intracellular replication of B. abortus 2308. The mammary macrophages from all three resistant heifers were able to reduce the numbers of intracellular organisms over a 24-h period, but the macrophages from only 3 of 9 cows (33%) which were classified as susceptible were able to inhibit the intracellular replication of the bacteria. By using mammary macrophages from heifers before they were exposed to B. abortus, the survival assay was able to correctly predict the eventual classification of the cattle as resistant or susceptible 75% of the time.
Subsequent prechallenge experiments were designed to extend the findings with mammary macrophages to blood monocyte-derived macrophages. Survival of B. abortus in blood monocyte-derived macrophages collected from the yearling bulls (n = 18) and first-calf heifers (n = 4) before challenge inoculation was significantly different (P < 0.045). The median percent survival of B. abortus in blood monocyte-derived macrophages from a group of 16 resistant cows was 566 (range, 271 to 2,670%), whereas the median percent survival of B. abortus in blood monocyte-derived macrophages of 6 susceptible heifers was 1,260 (range, 80 to 2,560%) (Fig. 3) . Although the survivability of the intracellular bacteria in blood monocyte-derived macrophage cultures overall was 10-fold greater than that in mammary macrophage cultures, monocyte-derived macrophages from resistant cattle were better able to regulate the intracellular replication of the bacteria than were those from susceptible cattle. The ability of the monocyte-derived macrophages to restrict the intracellular survival of B. abortus 2308 appears to be grouped below 1,000%. If the data are arbitrarily divided at 1,000%, 14 of 16 resistant cattle (88%) but only 2 of 6 susceptible cattle (33%) were able to restrict the replication of the intracellular bacteria to less than 1,000%. The in vitro assignment of monocyte-derived macrophage function as permissive or restrictive correlated 82% of the time with the postchallenge phenotypic classification as resistant or susceptible.
In addition to the susceptible cows that had permissive mammary macrophages which were unable to control the replication of the bacteria, there were some susceptible cattle (e.g., 610S) with restrictive mammary macrophages that were able to restrict the survival of the bacteria to less than 100%. Although not shown in the experiment for which the results are depicted in Table 2 Earlier studies (32, 33) were conducted with cattle that were previously inoculated with B. abortus; therefore, macrophage function suppressed by concurrent brucellosis in the susceptible cows could not be eliminated as a possible cause for differences in macrophage function between the two groups. In the present study, we addressed that question by using mammary gland-and blood monocyte-derived macrophages obtained from cattle before challenge with B. abortus 2308. The assays were performed before the cattle were challenged. There were significant differences in the bacteriostatic activities of macrophages from resistant and susceptible cattle ( Fig. 2 and 3) , and the data demonstrate a tighter grouping of the resistant cattle, with the macrophages from a majority of resistant cattle having superior bacteriostatic abilities.
Testing of mammary macrophages limited our results to adult female animals. In order to evaluate the resistance of the male offspring and include them in future genetic studies, we also assayed blood monocyte-derived macrophages. Although the blood monocyte-derived macrophages from the cattle did not control intracellular bacterial replication, there were significant differences in the replication-inhibiting activities of blood monocyte-derived macrophages obtained from resistant and susceptible cattle prechallenge (Fig. 3) . There are several possible explanations for the reduced ability of blood monocyte-derived macrophages to control the intracellular replication of B. abortus. Monocytes are less differentiated cells and, possibly (despite the 7 days in culture to allow them to mature), were not fully differentiated under the conditions of these assays. It is also considered possible that the extended period that the monocytes were in culture compared with that of the mammary macrophages in our experiments resulted in a loss of the surface receptors that are necessary for phagocytizing the organisms. Further investigation into the harvesting of blood monocytes and the culturing of the blood monocyte-derived macrophages may provide more stable functional cells. The blood monocyte-derived macrophages should be a better source of macrophages for evaluating the genetically predetermined abilities of the mononuclear-phagocyte system against brucellosis in cattle for a number of reasons. First, the mammary gland is a terminal compartment for infiltrating inflammatory cells (60) . The leukocytes in this compartment can die and disintegrate gradually. Therefore, phagocytic cells in the mammary gland can possess a wide range of phagocytic and bactericidal activities (60) . Second, the ability of the mammary phagocytes to phagocytize and inhibit the replication of intracellular organisms is affected by proteins and immunoglobulins of bovine colostrum (19) , inhibiting factors in lacteal secretions from nonlactating cows (25) , and phagocytized milk fat globules and casein (51, 53) . Factors The mononuclear phagocyte is a central cell in the resistance to facultative intracellular pathogens in mice. Natural resistance to B. abortus and other intracellular parasites in mice is a result of the control of the early survival and growth of the organisms. This resistance is genetically determined and is mediated at the level of macrophage function (7, 12, 16, 34, 39, 40, 44, 55, 56) . The natural resistance of outbred cattle to brucellosis may parallel that which has been demonstrated in the inbred strains of mice; however, further characterization of these cattle is necessary to show that the functions are homologous. The cattle used in this study were completely outbred, whereas in all the mouse studies inbred strains were evaluated.
The role of macrophages in natural resistance to infectious diseases in mice has been shown to be under the control of a single gene or gene complex for four infectious organisms (8, 15, 51) : Mycobacterium lepraemurium (9), Salmonella typhimurium (Ity) (49), Listeria donovani (Lsh) (8) , and Mycobacterium bovis (Bcg) (29) . This ItylBcglLsh gene, or gene complex, is located on chromosome 1 of the mouse. Natural resistance to brucellosis in cattle is thought to be determined by the actions of several interacting genes (61) .
Genetic studies (in pedigreed families) that evaluate the macrophage function (of resistant and susceptible progeny of resistant and susceptible cattle) will further define the heritability of these observed differences in resistance to infectious diseases. Studies that test the ability of macrophages from cattle that are resistant and susceptible to brucellosis to control the intracellular survival of other primary intracellular pathogens, such as Salmonella dublin, S. typhimurium, and M. bovis, may further demonstrate that cattle have an innate natural resistance to facultative intracellular pathogens like that observed in mice. Encouragement to search for genes that control natural resistance to intracellular pathogens in cattle has come from the recently reported conservation of synteny of the genes for isocitrate dehydrogenase-1 (Idh-1), gamma crystallin (Cryg), fibronectin (Fn), and villin (Vil) in cattle (1; L. C. Skow, Department of Veterinary Anatomy, Texas A&M University, College Station, Tex., personal communication), mice (54, 57) , and humans (54, 63) . The ItylBcg/Lsh gene, or gene complex, is linked to Vil, Fn, Cryg, and Idh-1 in mice.
It is clear that the macrophage is not the sole determining factor in the final outcome of the infection. In each experiment, there were exceptions. Some resistant cattle were able to clear the infection despite the presence of permissive macrophages that could not inhibit the intracellular replication of B. abortus, and several susceptible cattle became chronically infected despite the presence of restrictive macrophages that efficiently inhibited the intracellular replication of B. abortus. Additionally, even with repeated washings to remove nonadherent cells, we were not able to completely eliminate the possibility of some T-cell contamination in some sets of macrophages. The possibility of some effect on the ability of the mammary macrophages used in our studies to control the intracellular replication of B. abortus, resulting from the interactions between macrophages and T cells, could not be entirely dismissed. How-ever, the prechallenge studies would suggest that T-cell contamination is not an important factor in these experiments, because these prechallenge experiments were conducted before an adaptive immune response to B. abortus was developed.
Recent studies have demonstrated that the expression of immunoglobulin allotypes (Estes, personal communication) and the reactivity of oligoclones of B. abortus-specific lymphocytes (Smith et al., in press) were significantly different between resistant and susceptible cattle. If each of these three immune components is controlled by a single gene, then natural resistance to brucellosis would be controlled by a minimum of three genes in cattle. Of course, this does not rule out the possibility that a single gene could be influencing the response of all three immune components or that additional immune components (and genes) that are as yet unstudied could be involved.
The observation of significant differences in the bacteriostatic capabilities of mononuclear phagocytes in genetically diverse crossbred cattle, which were grouped entirely by their resistance or susceptibility to brucellosis, is remarkable because of the genetic uniqueness of each individual animal. Our data suggest that although the mononuclear phagocytes are not the sole determining factor in the outcome of Brucella infection, they are likely central players that interact with other immune components in determining whether cattle are resistant or susceptible to brucellosis. If a functional equivalent of the ItyIBcgILsh gene or gene complex demonstrated in mice is conserved in cattle and the gene could be identified with a DNA sequence probe or a defined gene product, a strategy could be devised to increase the frequency of operative genes that could be used to enhance natural disease resistance to intracellular pathogens in cattle, which should be a helpful addition to overall herd health and also the brucellosis control and eradication programs.
